The power conversion efficiency (PCE) of lead-halide perovskite solar cells (PSCs) is reported to increase over a period of days after their fabrication while they are stored in the dark. The effects underlying this spontaneous enhancement thus far are not understood. This work investigates the phenomenon for a variety of multi-cation-halide PSCs with different perovskite compositions and architectures. The observations reveal that spontaneous enhancement is not restricted to specific charge transport layers or perovskite compositions. The highest PCE observed in this study is an enhanced stable PCE of 19% (increased by 4% absolute). An increased open-circuit voltage is the primary contributor to the improved efficiency. Using time-resolved photoluminescence measurements, the initially present low-energy states are identified which disappear over a storage period of a few days. Furthermore, trap states probed by the thermally stimulated current technique exist in pristine PSCs and strikingly decrease for stored devices. In addition, the ideality factor approaches unity and X-ray diffraction analyses show lattice strain relaxation over the same period of time. These observations indicate that spontaneous enhancement of the PCE of PSCs is based on a reduction in trap-assisted non-radiative recombination possibly due to strain relaxation. Considering the demonstrated generality of spontaneous enhancement for different compositions of multi-cation-halide PSCs, our results highlight the importance of determining the absolute PCE increase initiated by spontaneous enhancement for developing highefficiency PSCs. Fig. 9 X-ray diffraction patterns (normalized to the (001) peak) for a perovskite thin film with the composition Cs 0.1 (FA 0.83 MA 0.17 ) 0.9 Pb(I 0.83 Br 0.17 ) 3 deposited on glass/ITO/np-SnO 2 , collected on the day of sample preparation (day 1) and after storage (day 5 and 10). Inset: shift of the (001) perovskite peak from 2q ¼ 14.16 on day 1 to larger diffraction angles 2q ¼ 14.23 on day 5 and 2q ¼ 14.30 on day 10.
Introduction
With a record power conversion efficiency (PCE) of 25.2%, hybrid organic-inorganic metal halide perovskite solar cells (PSCs) are among the most-promising technologies for next generation photovoltaics. 1 PSCs can be processed from inexpensive precursor materials using a variety of fabrication methods, ranging from vacuum-based 2,3 to solution-based 4 methods. To optimize and improve the stability of PCEs, a large diversity of perovskite materials and strategies have been developed, ranging from mono-to multi-cation-halides. [5] [6] [7] [8] Despite the tremendous advances in technology, there are still a number of device-relevant effects that are subject to ongoing investigations. These effects include light soaking, 9 lightactivated degradation, [10] [11] [12] ferroelectric domain walls, 13, 14 and spontaneous enhancement of the PCE. [15] [16] [17] [18] The latter term refers to the enhancement of the PCE of PSCs a few days aer device fabrication, if the devices are stored in the dark.
In terms of the spontaneous enhancement, several research groups have reported that the PCE of multi-cation-halide PSCs reaches its highest value aer a few days of storage in the dark aer device fabrication. [15] [16] [17] [18] [19] In addition to multi-cation-halide PSCs, a few studies reported the same phenomenon for MAPbI 3 . [16] [17] [18] There are various hypotheses for the explanation of this phenomenon in the literature. [15] [16] [17] [18] A recent study attributed the spontaneous enhancement to improved crystallinity in addition to released residual stress and lattice distortion over long-term storage, which was ascertained by an observed increase in the peak intensity and a shi to the higher diffraction angles in the X-ray diffraction (XRD) pattern. 16 A spontaneous coalescence of smaller crystallites within perovskite thin lms into larger ones is another hypothesis in the literature. [15] [16] [17] The coalescence leads to a reduction in the number of grain boundaries and consequently a reduction in non-radiative recombination occurring at the grain boundaries.
Another study determined a gradual diffusion of sodium (Na + ) ions from the indium tin oxide (ITO) glass substrate into the perovskite thin lm. This diffusion initiates a spontaneous passivation which leads to a reduction of trap density of states at the grain boundaries of perovskite thin lms during the storage time period and ultimately better performance. 18 Overall, yet no consensus has been reached on the origin of the spontaneous enhancement and a systematic experimental comparison of architectures and perovskite compositions to ascertain the generality of the spontaneous enhancement and its underlying causes is missing.
This work aims to provide such a systematic study on the spontaneous enhancement of photovoltaic performance of multi-cation-halide PSCs. We investigate a variety of perovskite thin lms with different cation and halide composi- 3 ]. We also vary the device architecture using different electron transport layers (ETLs), including TiO 2 nanoparticles (np-TiO 2 ), C 60 (deposited on top of the np-TiO 2 layer), and SnO 2 nanoparticles (np-SnO 2 ). We nd that the spontaneous enhancement is general, occurring in all these cases; however, PSCs with poor initial PCEs exhibit more prominent enhancement in comparison to PSCs with high initial efficiencies. We perform optical spectroscopy and XRD measurements and characterize the ideality factor in order to investigate the causes of the spontaneous enhancement. Time-resolved photoluminescence (PL) spectra collected at different time delays aer excitation of the perovskite thin lms reveal the existence of lower-energy states next to the bulk bandgap phase with 80 meV difference on the day of sample preparation. However, aer storing the sample for a few days, the lower-energy states disappear and only the peak of the bulk bandgap phase remains. A similar effect is observed in thermally stimulated current (TSC) measurements where the density of trap states close to the bandgap is drastically reduced during storage time. These observations are consistent with the improved open-circuit voltage (V OC ) of the corresponding PSCs, the increased carrier lifetime, and the ideality factor approaching unity aer storage. Furthermore, XRD analyses reveal a reduction in the strain in the perovskite thin lms.
Results and discussion

Reference case: spontaneous enhancement of the stable power conversion efficiency
We fabricated reference PSCs in an inert atmosphere (N 2 -lled glovebox) using a triple cation perovskite thin lm with the composition Cs 0.1 (FA 0.83 MA 0.17 ) 0.9 Pb(I 0.83 Br 0.17 ) 3 , hereaer referred to as Cs 0.1 FM 0.9 . The layer sequence of the PSC is glass/ ITO/np-TiO 2 /Cs 0.1 FM 0.9 /2,2 0 ,7,7 0 -tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9 0 -spirobiuorene (spiro-MeOTAD)/gold (Au). The experimental section provides a detailed explanation regarding device fabrication. As shown in Fig. 1a , the PCE of a Cs 0.1 FM 0.9 solar cell, being measured for 300 s at constant voltage close to the maximum power point (MPP), is low (<13%) and does not stabilize on the day of sample preparation (day 1). However, aer storing the same device at room temperature in the dark and in an inert atmosphere for a few days, the PCE gradually increases and stabilizes at 16% on day 10 and 17% on day 40. Importantly, even aer an extended period of time, the stable PCE reaches 17.5% on day 150. Interestingly, the same sample shows a stable PCE of 16.6% on day 785, with 1% absolute loss due to possible degradation aer a long-term storage in the dark (compare Fig. 1a ). The current-densityvoltage (J-V) characteristics for the same device, given in Fig. 1b , measured on the day of sample preparation (day 1) and several days after storage. We measure the J-V characteristics at a fixed rate of 0.6 V s À1 from open-circuit voltage (V OC ) to short-circuit current (J SC ) (solid lines) and from J SC to V OC (dashed lines) under air-mass 1.5 global (AM1.5 G) spectra (100 mW cm À2 , 25 C). (c) PCE after 5 min measured at constant voltage close to the MPP (PCE after 5 min ) derived from 16 identically prepared Cs 0.1 FM 0.9 solar cells. Open symbols indicate that the power output does not stabilize over 5 min. (d) Calculated hysteresis index of 40 identically prepared Cs 0.1 FM 0.9 solar cells (HI ¼ A FW /A BW ), where A FW and A BW are the areas under forward and backward scans in the J-V characteristics, respectively. The HI of 1 presents a PSC without hysteresis and lower values of the HI are indicative of more pronounced hysteresis.
As shown in Fig. 1c , the PCE aer 5 min measured at constant voltage close to the MPP (PCE aer 5 min ), derived from 16 identically prepared Cs 0.1 FM 0.9 solar cells, improves signicantly from <10% on day 1 to $17% on day 40 on average. Moreover, along with the spontaneous enhancement of the stable power output, we found the hysteresis index (HI) to decrease over time (see Fig. 1d ). This is in agreement with the increased stability of the solar cell power output, since a low hysteresis and stable power output are oennot alwayscorrelated. 20 The J-V parameters derived from 40 identically prepared Cs 0.1 FM 0.9 solar cells aged up to 40 days are provided in Fig. S1 . †
Role of the perovskite compositions
The nature of the cations and halides as well as the metal anion in the multi-cation-halide perovskite structure is known to impact the optoelectronic properties and stability of these PSCs. For example, the incorporation of Cs has been reported to cause a reduction in trap density in the bulk or at the grain boundaries of the perovskite material and the charge recombination rate. 21, 22 Here, we investigate whether and how the spontaneous enhancement of the PCE is affected by changing the ratio of Cs from x ¼ 0, to 0.05, 0.1, and 0.15 in Cs x (FA 0.83 MA 0.17 ) (1Àx) -Pb(I 0.83 Br 0.17 ) 3 . All the PSCs are processed on the np-TiO 2 ETL under identical conditions. As presented in Fig. 2 , irrespective of the Cs concentration in the investigated range, the average value of the PCE aer 5 min for all samples increases in the range 4.2-6% (absolute average) over a ten-day period of storage. We also observe the same behavior in performance of PSCs with a double cation perovskite [Cs 0.17 FA 0.83 Pb(I 0.83 Br 0.17 ) 3 ] with a bandgap of E G $ 1.63 eV and a triple cation perovskite [Cs 0.1 (FA 0.83 MA 0.17 ) 0.9 Pb(I 0.67 Br 0.33 ) 3 ] with a bandgap of E G $ 1.73 eV (see Fig. S2 †) . Therefore, we conclude that the reported spontaneous enhancement of performance is not limited to a specic composition of the multi-cation-halide perovskite, but a general effect for different compositions of the large cations and halide anions in the perovskite crystal structure. This conclusion is also supported by the literature observations wherein the phenomenon has also been reported for MAPbI 3 and Pb-free PSCs. 16, 17, 19 
Role of the electron transport layer
Having demonstrated that the current reported spontaneous enhancement of performance occurs for a variety of compositions of multi-cation-halide PSCs, we now investigate whether it is correlated to the choice of the ETL. In general, the electron charge transport layer impacts the morphology of perovskite thin lms and also affects the energy level alignment; this is critical for electron charge extraction, as well as hole blocking and consequently for photovoltaic performance of PSCs. [23] [24] [25] [26] PSCs comprising fullerene (C 60 ) and its derivatives (PCBM, ICBA, etc.) are reported to be less inuenced by ion migration and trapassisted recombination at the ETL/perovskite interface and therefore show low hysteresis. [27] [28] [29] In planar PSCs, the SnO 2 ETL is widely used, given its improved stability under ultraviolet (UV) illumination 30, 31 and very good electron extraction in PSCs. 32 We investigate the reported spontaneous enhancement of the PCE of Cs 0.1 FM 0.9 solar cells prepared on three different ETLs; np-TiO 2 , C 60 (deposited on top of the np-TiO 2 layer), and np-SnO 2 . As shown in Fig. 3a , the average value of the PCE aer 5 min improves by at least 2.5% absolute aer storing the devices for 10 days, in a similar way independent of the ETL. Although the spontaneous enhancement is neither restricted to the choice of the ETL nor the compositions of the perovskite, the degree of the enhancement varies for PSCs prepared on different ETLs. This could be correlated to the different morphology of the perovskite thin lm, which relies strongly on the substrate. In general, we observe that devices with high PCEs show less enhancement while devices with low PCEs exhibit prominent spontaneous enhancement, as also reported elsewhere. 15 Additionally, as shown in Fig. S3a , † the PCE of a pristine Cs 0.1 FM 0.9 solar cell with a np-SnO 2 ETL stabilizes even on day 1 and gradually enhances from $16% to $18.5% on day 50. Fig. S3b † shows the PCE aer 5 min values of 12 identically prepared Cs 0.1 FM 0.9 solar cells with np-SnO 2 ETLs over time with the highest value of $19% aer 50 days. Fig. S4 † presents the J-V parameters for these solar cells over time, with the highest PCE of $19.6% (which is respectable for solvent-quenched triple-cation based PSCs), 21,33 a V OC of $1.14 V, a J SC of $22.3 mA cm À2 , and a FF of $77% aer 50 days for the champion cell. We also observe that the spontaneous enhancement not only occurs for device architectures that exhibit pronounced hysteresis. As presented in Fig. 3b , incorporating C 60 onto np-TiO 2 substrates decreases x is the ratio of Cs. We measure the devices on the day of sample preparation (day 1) and after storage (day 10). Open symbols indicate that the power output does not stabilize over 5 min. DPCE ave corresponds to the average enhancement of the power conversion efficiency (PCE) of the perovskite solar cells compared to that on day 1. the hysteresis of pristine devices but it does not affect the overall spontaneous performance enhancement of these solar cells.
In summary, these ndings indicate that the observed spontaneous enhancement of the stable power output is neither limited to a specic ETL nor to the ETL/perovskite interface itself. The latter is reported to induce a number of issues such as surface defects originating from the oxygen vacancies activated under UV illumination in the case of using TiO 2 as the ETL, interfacial trap states and accumulation of the charges. 34 These issues result in non-radiative recombination and reduced charge transfer at this interface. [35] [36] [37] [38] [39] [40] 
Role of the hole transport layer; spiro-MeOTAD
Aer investigating the role of the ETL and the composition of the perovskite material, we now examine the impact of the hole transport layer (HTL). Doped organic HTLs have been reported to affect the stability of PSCs. 41, 42 In particular, spiro-MeOTAD with the highly diffusive additives Li-TFSI and 4-tert-butylpyridine (4-tBP) affects the hysteresis and stability of PSCs if exposed to external stress factors like light, temperature and/or an external bias voltage. 41, 42 This dependency between the stability of the PSC and the spiro-MeOTAD HTL motivates the following investigation on the role of spiro-MeOTAD as the HTL in the spontaneous enhancement of PSC performances. For this purpose, we compare the performance enhancement of Cs 0.1 FM 0.9 solar cells, by varying the time interval between the deposition of the perovskite thin lm and the deposition of doped spiro-MeOTAD as the HTL and Au as the back contact (see Fig. S5 †). In this way, we can discriminate whether the spontaneous enhancement of the stable power output occurs independent of the presence of doped spiro-MeOTAD. As mentioned before, the power output of devices with np-TiO 2 or np-TiO 2 /C 60 ETLs stabilizes gradually over a timescale of a few days, while it stabilizes on the rst day of device preparation in the case of using the np-SnO 2 ETL. In order to avoid additional complexity concerning the stability of devices, we employ np-SnO 2 as the ETL here in the following.
First, on day 1, we fabricate samples with two different stacks:
one, ITO/np-SnO 2 /Cs 0.1 FM 0.9 /spiro-MeOTAD/Au, referred to as category IS (immediate spiro-MeOTAD deposition), and two, ITO/np-SnO 2 /Cs 0.1 FM 0.9 , referred to as category DS (delayed spiro-MeOTAD deposition). Second, we determine the stable PCE of the PSCs of category IS on day 1 and every day aer storage in the dark and in an inert atmosphere. Meanwhile, we store the samples of category DS under the same conditions. As exhibited in Fig. 4a , we observe a considerable improvement for PSCs of category IS on day 5. On day 6, we deposit spiro-MeOTAD on the samples of category DS and leave them for overnight oxygen doping in dry air (relative humidity < 35%). On day 7, we complete these samples aer evaporating Au and start determining their stable PCEs. The study reveals that the PSCs of category DS immediately exhibit a high stable power output (see Fig. 4a and b). As shown in Fig. S6 , † the improvement in all parameters extracted from the J-V measurements for PSCs of category DS is comparable to that of PSCs of category IS. It is noticeable that the V OC and ll factor (FF) are the parameters dominating the PCE enhancement over time. This experiment leads to the conclusion that the spontaneous enhancement of the stable power output does not rely on the presence of an HTL and an electrode or the specic characteristics of doped spiro-MeOTAD.
In summary, based on the above-reported systematic study on the role of different layers in the spontaneous enhancement of the stable power output of multi-cation-halide PSCs, we conclude that the effect originates mostly from the perovskite thin lm itself. Neither the HTL nor the ETL signicantly inuences the effect. In the following sections, we systematically investigate the possible causes by studying the photophysics and morphology of the perovskite thin lm under storage in the dark and in an inert atmosphere.
Reduced non-radiative losses and enhanced charge carrier lifetime
As shown previously, the spontaneous enhancement of the PCE of Cs 0.1 FM 0.9 solar cells is mainly driven by improvements in the V OC and FF (see Fig. S1 , S4, and S6 †). The V OC and FF of solar cells are closely related to the ratio of band-to-band radiative recombination as well as non-radiative Shockley-Read-Hall (SRH) recombination in the bulk of perovskite thin lm and/or non-radiative recombination at surface defects occurring at grain boundaries and interfaces. [43] [44] [45] [46] Identifying the ideality factor (n id ) is a reliable way to indicate the dominant recombination mechanism in a solar cell. [47] [48] [49] If n id ¼ 1, radiative recombination and/or surface recombination dominates in the device, whereas if n id ¼ 2, trap-assisted bulk SRH recombination is usually dominant. Recently, Tress et al. summarized that the ideality factor of PSCs is most reliably obtained by lightintensity-dependent V OC measurements. 49 For these measurements, one can evaluate n id by a linear t of the V OC vs. logscaled light intensity using the equation
where e is the elementary charge, k B is the Boltzmann constant, T is the temperature, and I is the light intensity. 49 This relationship is plotted in Fig. 5a and b, showing the V OC as a function of light intensity for Cs 0.1 FM 0.9 solar cells fabricated on np-TiO 2 and np-SnO 2 ETLs, respectively, characterized on the day of sample preparation (day 1) and aer storage (day 5 and 10). For the same period, these devices exhibit a spontaneous enhancement of the stable power output as discussed previously. Using eqn (1), we calculate n id values of 1.6 (on day 1), 1.57 (on day 5), and 1.4 (on day 10) for a Cs 0.1 FM 0.9 solar cell with the np-TiO 2 ETL and 1.93 (on day 1) and 1.58 (on day 10) for a Cs 0.1 FM 0.9 solar cell with the np-SnO 2 ETL. The continuous decrease in n id over time indicates that the trap-assisted SRH recombination in the bulk of the perovskite is most likely reduced for the PSCs that are stored in the dark for several days. As a consequence, the V OC is enhanced. It should be noted that the ideality factor of the PSCs with np-TiO 2 ETLs is similar to the ideality factor of the PSCs with on np-SnO 2 ETLs (see Fig. 5a and b). This is in agreement with our previous results and conrms that the spontaneous enhancement and the underlying cause are not dominated by these ETLs or the ETL/perovskite interfaces. It should also be noted that the V OC is enhanced for almost all light intensities for the samples stored for several days, implying that the voltage losses related to non-radiative recombination are alleviated.
To provide more insight into the charge recombination properties with regard to the spontaneous enhancement of the PSC performance, we track the steady-state PL spectra and timeresolved PL kinetics of perovskite thin lms over the rst 10 days aer fabrication. In order to avoid charge carrier quenching, the perovskite thin lms are prepared on bare glass without charge transport layers. Fig. 6a and b show the corresponding steady-state spectra and time-resolved PL kinetics collected at an excitation uence of 30 nJ cm À2 on the day of sample fabrication (day 1) and aer a ten-day period of storage (day 10) in the dark and in an inert atmosphere. We verify that no uence dependence is present at this excitation density (compare Fig. S7 †) . We observe a two-fold stronger PL intensity and a signicantly enhanced charge carrier lifetime for the perovskite thin lm fabricated on bare glass aer 10 days of storage. The increase in the PL intensity and the charge carrier lifetimes indicates a reduction in non-radiative recombination.
Upon repeating the PL analyses on perovskite thin lms deposited on ITO/np-TiO 2 and ITO/np-SnO 2 layers, we observe a similar trend as that on glass (see Fig. S8 †) . In both cases the PL intensity and carrier lifetime increase over time, although the increase in the PL intensity and PL lifetime aer the storage period is more notable for the perovskite thin lms deposited on np-TiO 2 compared to those deposited on np-SnO 2 layers. This observation agrees with the degree of spontaneous enhancement in the stable PCE of the PSCs with the np-TiO 2 ETL and np-SnO 2 ETL, respectively (compare Fig. 3a ). Considering the photovoltaic improvement in the performance of PSCs over time, this increase in the PL intensity in the presence of the ETLs is indicative of a reduction in trap-assisted recombination in the bulk of the perovskite. The suppressed recombination explains the increased V OC , FF, and consequently the increased PCE of the PSCs and is consistent with the ideality factor analysis, as reported in previous sections. It is also worth mentioning that, as shown in Fig. S9 , † the PL intensity derived from the samples stored with and without doped spiro-MeOTAD exhibits a comparable improvement independent of the presence of the spiro-MeOTAD layer, which is in agreement with the results discussed in the previous section (see Fig. S6 †) . 
Appearance of "low-energy states" in pristine perovskite thin lms
Via closer examination of the PL spectrum on the day of sample preparation (day 1), we notice a peak appearing at around 800 nm. As shown in Fig. 6c , the delayed emission spectrum of the perovskite thin lmintegrated from 100 to 600 ns aer excitationreveals the coexistence of two distinct emission peaks at 763 nm (peak A) and 804 nm (peak B) for the pristine perovskite thin lm on day 1. However, aer a storage period of 10 days, the same measurement shows that the intensity of peak A increases while the intensity of peak B signicantly decreases.
To identify the positions and widths of these two peaks, we perform a quantitative analysis of the data. As a starting point, we convert the PL spectra from the original wavelength-scaled to the energy-scaled PL spectra (see Fig. 7 ) using a Jacobian transformation: E ¼ hc/l and f(E) $ l 2 f(l). 50 We globally t the PL spectra of day 1 and 10 with two-peak pseudo-Voigt proles (see the ESI †), wherein the peak positions, widths, and contribution factor are shared between tting proles used for day 1 and 10, whereas the area is allowed to change. Upon tting with a pseudo-Voigt prole, we nd the positions of the two peaks on day 1 to be at 1.54 eV and 1.62 eV. However, aer 10 days, the peak at 1.54 eV almost disappears and the intensity of the peak at 1.62 eV, which according to the literature is very close to the bulk bandgap of triple cation perovskite materials, increases. 21 Considering that PL is highly sensitive to sub-bandgap states which are lled by energy relaxation, the existence of the observed low-energy states would be sufficient to considerably alter the PL. Based on the values we obtain from the tting for the relative areas under these two peaks on different days (see Table S1 †), we nd that 66% of the emission comes from the lower-energy peak on day 1, whereas only 21% of the total emission comes from the same peak on day 10. This reduction of the lower-energy peak is attributed to either a reduction in the density of shallow trap states or a volumetric reduction of a lower-energy phase. It is important to mention that the bulk bandgap estimated from the absorption of the perovskite thin lm on day 1 and later on day 10 remains equal to E G ¼ 1.62 eV (see Fig. S10 †) . This suggests that even if a lower-energy phase coexists on day 1, its volume fraction must be very low and the majority of the material must be in the bulk bandgap phase. Moreover, the observed improvement in V OC of the corresponding PSCs correlates well with the energy difference of the two peaks at $1.54 eV and $1.62 eV. The average V OC of 40 identically prepared Cs 0.1 FM 0.9 solar cells deposited on the np-TiO 2 ETL improves from $1.10 V on day 1 to $1.17 V on day 10 (see Fig. S1b †) .
In summary, we identify additional lower-energy states, next to the bulk bandgap, which disappear along with the spontaneous enhancement of the stable power output aer a storage period of days. These states can be attributed to either trap states or a low volumetric ratio of a lower-energy phase. Both scenarios could well explain the reduction in trap-assisted non-radiative recombination and consequently the reduced ideality factor of the corresponding PSCs. In order to assess whether a reduction of the trap density is responsible for the spontaneous enhancement in the stable power output, we use the TSC technique which has been previously applied in organic-inorganic perovskite materials for probing the density of electronic trap states. 22,51-53 2.7. Suppressed "trap states" in stored perovskite solar cells Applying the TSC method in complete devices, we investigate changes in the possible trap states for pristine and stored PSCs. Fig. 8a shows the TSC spectra over a temperature range of 25 K to 270 K for a PSC measured on day 1 right aer device fabrication as well as day 5 and day 12 aer storage when the respective PSC demonstrates spontaneous enhancement in the stable power output. On day 1, we observe two distinct TSC signals at around 88 K and 215 K (denoted as P1 and P2, respectively) and a broad TSC signal at around 245 K (denoted as P3), indicating a broad distribution of trap states in the pristine device. Repeating the same measurement on day 5 and 12 reveals that P1 is not altered, P2 is negligibly reduced compared to day 1, while P3 completely disappears. To be noted is that we assign the rst two signals (P1 and P2) to the transport layers, since we observe them for other PSCs with different perovskite absorber layers and the same sequence of transport layers. The current reduction associated to signal P3 is indicative of an overall suppression in trap density over time. Applying the initial rise method, we estimate the activation energy of the trap states corresponding to the P3 signal using the equation
where E A is the activation energy of traps, k B is the Boltzmann constant, and T is the temperature. 53 The Arrhenius plot, shown in Fig. 8b , represents the range of the temperature we use to t the initial rise associated to P3. For a pristine device, we nd a trap activation energy of E A $ 186 AE 2.2 meV. We also estimate the lower limit of trap density from the time integral of the TSC signal with the corresponding trap concentration equal to 1.6 Â 10 16 cm À3 . 54 The decrease in the trap density explains the origin of the observed enhancement in V OC of the respective PSC accompanied by the spontaneous enhancement in stable power output over a time period of days. We note that the trap concentration value is underestimated here due to limiting factors. First, the peak prole in the measured temperature range is only partially observed and second, the charge carriers can recombine without even contributing to the current ow.
In summary, our TSC results support the explanation of a reduced number of traps within the bulk or at the grain boundaries of the perovskite layer over a storage time period of a few days. However, the trap energy is not directly consistent with the red-shied luminescence band in the PL results discussed in the previous section. This might be explained by the fact that TSC reveals the position of the trap state with respect to the transport energy E t while the PL might also arise from states slightly below E t . Furthermore, excitonic effects and selfabsorption of the PL signal contribute to this difference. 55 
Morphology and crystallinity of perovskite thin lms
In previous publications, the spontaneous enhancement of the PCE of PSCs has been assigned to small perovskite crystallites merging spontaneously into larger ones in perovskite thin lms. 15, 17 Coalescence leads to a reduction in the number of grain boundaries and the associated trap states, resulting in a reduction in non-radiative recombination and consequently an increased PCE. In order to corroborate the observed coalescence and to obtain information about the surface of the thin lm, we employ a series of tapping-mode atomic force microscopy (AFM) analyses on a sample on the day of sample preparation and some days aer storage in the dark and in an inert atmosphere. To obtain reliable information about the surface morphology of the perovskite thin lms and to prevent electronbeam-induced changes on the lm, we avoid using scanning electron microscopy. In order to nd the exact same spot on different days of measurements, we rst perform an indentation on the surface of the perovskite thin lm using a diamond AFM tip (see Fig. S11 †) . By approaching the indented spot in a range of micrometers, we are able to collect the scans from the exact same spot of the perovskite thin lm on different days. In all cases and for several measurements of different samples, the topography of the grains does not change (see Fig. S12 †) , indicating that there is no reduction at perovskite grain boundaries on the surface of the perovskite thin lm over time.
Our observation for devices stored in N 2 is in accordance with another study in which the spontaneous enhancement has been examined under both ambient and inert conditions and no evidence of coalescence was observed over 2 weeks. 18 These results are in agreement with a study by Sheng et al. who investigated the interaction of perovskite thin lms with air and N 2 at room temperature in the dark. 56 They tracked the morphology of perovskite thin lms over a timescale of two weeks and demonstrated that perovskite grains grow spontaneously into larger grains in the presence of moisture and oxygen at room temperature. However, their results from SEM and XRD did not show any considerable changes in the grain and crystallite sizes of the perovskite thin lms of those samples stored in N 2 for the same time period. We notice that in those studies reporting the coalescence of perovskite crystallites along with the spontaneous enhancement of the PCE, the samples were stored in the presence of oxygen, whereas we store the samples in a N 2 -lled glovebox during the entire storage time and between the measurements.
To provide a more solid judgment whether coalescence occurs in our perovskite thin lms during the storage time, we perform XRD measurements over time on Cs 0.1 FM 0.9 perovskite thin lms coated on ITO/np-SnO 2 . XRD results collected on day 1 for the pristine perovskite thin lm are shown in Fig. 9 . All Xray reections are indexed in the cubic space group Pm 3m (no. 221), which is in good agreement with the reported literature. 57 First, we calculate the crystallite size of the perovskite using the Scherrer equation. 58 For a correct calculation of full-width-athalf-maximum (FWHM) and to determine the crystallite size of the perovskite, we measure the XRD spectrum of silicon as a reference in order to correct the instrumental broadening. We observe a negligible change in the crystallite size aer a storage period. Furthermore, we observe that the relative intensities of the reections for perovskite diffraction patterns collected on different days remain consistent and the width of the reections, which among other effects is mainly reminiscent of the crystal size, has altered only slightly (compare Fig. S13 †) . The relevant crystallographic parameters are listed in Table S2 . † Moreover, the distribution of crystal sizes calculated from XRD spectra also shows no signicant change. Taken together with the AFM results, our analyses show no evidence of spontaneous coalescence of the perovskite crystallites for samples aged in N 2 , in contradiction to previous reports. 15, 17 Therefore, we conclude that the observed spontaneous enhancement of the photovoltaic performance of the PSCs may not be attributed to the coalescence of the perovskite crystallites only. However, we observe a prominent shi of the (001) reection of a pristine Cs 0.1 FM 0.9 perovskite thin lm from 2q ¼ 14.19 on day 1 to larger diffraction angles 2q ¼ 14.25 and 14.31 on day 5 and 10, respectively (see Fig. 9 , inset). All other reection peaks of the perovskite thin lm also experience a shi to higher angles through day 1 to day 10. We use the X-ray reections of the ITO layer at 2q ¼ 21.47 and 30.35 as the reference to exclude sample height misalignment. [59] [60] [61] The same trend in crystallite sizes and peak shi is also observed for the Cs 0.1 FM 0.9 perovskite thin lms deposited on ITO/np-TiO 2 , as shown in Fig. S14 . † A recent study has reported a shi to higher angles in the XRD patterns of perovskite thin lms aer storage, which is indicative of plane shrinkage and means more compact atomic packing attributed to age-induced recrystallization. 16 A shi in the diffraction peaks demonstrates a change in the d-spacings. Macroscopic strains change the inter-planar spacing by Dd hkl , resulting in a shi in the average position of the diffraction peak of Dq, while microscopic strain manifests itself in a distribution of the d-spacings Dd hkl which broaden the peak by dq. 62 Here, the observed shi in the diffraction peaks is indicative of macroscopic strain effects. A shi to higher diffraction angles corresponds to smaller d-spacing, and therefore, the initial strain in the crystal lattice is compressive. We hypothesize that along with the spontaneous enhancement of the stable power output, the initial strain in the material is gradually released. This relaxation of the lattice strain results in a shi in the XRD pattern from day 1 to day 5 and 10. Using the mean d-spacing values of the (001) and (002) reections calculated for different days, we estimate the relative strain, 3 r ¼ Dd/ d, to be equal to 0.73% on day 1 and 0.39% on day 5, compared to day 10 (details are provided in the ESI † for the relevant parameters). 63 According to the literature, lattice strain generally exists in the organic-inorganic perovskite lms with different compositions and perovskite lms are strained even on those substrates which are generally used for high-efficiency PSCs, such as SnO 2or TiO 2 -covered ITO glass substrates. 63 We prepare the perovskite thin lms with an antisolvent-assisted lm formation method followed by an annealing step (100 C). This causes the perovskite thin lms to nucleate and crystallize very quickly, providing possible mechanisms for defect formation and leaving strain in the perovskite thin lm. Our notion is consistent with the suggestions of recent studies examining residual strain in perovskite thin lms. These studies demonstrated that strain arises during lm growth and crystallization and is associated with the thermal gradient during lm processing and a mismatched thermal expansion between perovskite thin lms and the substrates on which perovskite lms are prepared. 63, 64 Since the strain level is expected to depend on the substrate (ETL) and inhomogeneous composition in the perovskite lms, we also expect a different degree of spontaneous enhancement in stable power output for the various types of PSCs discussed in Section 2.1-2.3.
In several previous studies, lattice strain was inferred to induce defect concentrations and shallow traps that bring about non-radiative recombination. 65, 66 Using time-resolved PL, Jones et al. revealed that a reduction in lattice strain leads to a reduction in defects that are associated with local nonradiative decay. 65 Considering these ndings together with our observations, we hypothesize that a reduction in lattice strain over time correlates with reduced shallow trap densities, which is a possible reason for the spontaneous enhancement in the photovoltaic performance of multi-cation-halide PSCs. Our TSC results support the hypothesis of lattice-strain-induced trap states in pristine PSCs and their disappearance over time. Moreover, disappearance of the observed lower-energy states in time-resolved PL measurement aer storage can be explained by strain relaxation over time, leading to lower densities of the lower-energy states (e.g. shallow trap states). However, there is no straightforward analysis or method that provides us with direct proof that strain is the origin of the lower-energy states detected by time-resolved PL. Overall, given the generality and magnitude of the spontaneous enhancement for different ETLs and compositions of multi-cation-halide PSCs, we suggest that the spontaneous enhancement needs to be claried by further studies. Strategies for more quickly inducing morphological changes in order to accelerate the "spontaneous enhancement" might be of signicant interest in such a context. In any case, realizing signicant absolute PCE increase that the spontaneous enhancement yields is and will be important for developing high-efficiency PSCs.
Conclusion
In this study, we show that the spontaneous enhancement of the stable power output is a general phenomenon in multication-halide PSCs. Our study reveals that the spontaneous enhancement is not restricted to specic charge transport layers, as it occurs for three different ETLs, and is independent of the presence of doped spiro-MeOTAD and Au during the storage time. The effect also occurs for various multi-cationhalide perovskite compositions. However, the degree of enhancement differs for different structures with various ETLs and compositions. In general, devices with initially high PCEs tend not to enhance further over time. The highest PCE we observe in this study is an enhanced stable PCE of $19% (PCE of 19.6%) aer 50 days for a champion triple cation PSC with a np-SnO 2 ETL. The PCE is primarily enhanced by an increasing V OC , which is in agreement with a signicant increase in the PL intensity and charge carrier lifetime of the perovskite thin lms, indicating reduced non-radiative recombination losses. These observations are correlated with a shi in the ideality factor towards bulk carrier recombination. At the same time, timeresolved PL spectra reveal the disappearance of the initially present low-energy states which dominate the emission immediately aer lm formation. Moreover, structural characterization by AFM and XRD reveals no evidence of signicant changes in grain size, but the XRD analysis shows a reduction in lattice strain in the perovskite thin lms. TSC characterization discloses the existence of trap states in the pristine PSC fading over time possibly due to strain-induced traps. Taken together with the photophysical data, we suggest that the spontaneous enhancement could originate from the reduction of strain in the perovskite thin lms and concomitantly from the disappearance of trap states slightly below the bandgap.
Experimental section
For the HTL, we used a precursor solution containing 80 mg spiro-MeOTAD (Luminescence Technology) dissolved in chlorobenzene (CB) with the additives 4-tert-butylpyridine (4-tBP) (28.5 ml/1 ml CB) and lithium bis(triuoromethanesulfonyl) imide (Li-TFSI) (17.5 ml/1 ml CB from a 520 mg ml À1 acetonitrile stock solution).
Solar cell fabrication
Initially, we cleaned the pre-structured 16 Â 16 mm 2 glass substrates with a 120 nm thick indium tin oxide layer (ITO, sheet resistance 15 U, Luminescence Technology) in an ultrasonic bath with acetone and isopropanol for 10 min each. Then we used oxygen plasma at 100 W power for 6 min before deposition of np-TiO 2 ETLs and 3 min in the case of using np-SnO 2 ETLs.
Next, we spin-coated the np-TiO 2 ETL at a speed of 7000 rpm for 30 s followed by a 100 C annealing step for 30 min in an ambient atmosphere. We set the above parameters to 4000 rpm and 200 C, in the case of using np-SnO 2 as the ETL. Moreover, to improve the wettability of np-SnO 2 ETLs, we used oxygen plasma treatment shortly before deposition of the perovskite thin lm. We processed C 60 layers by spin coating the solution at a rate of 1500 rpm for 1 min and annealed the substrates to 75 C for 2 min, subsequently.
For all compositions of the perovskite thin lms, we spincoated the solution by a two-step process on top of the ETL: (1) 1000 rpm for 10 s and (2) 6000 rpm for 20 s. We poured100 ml of CB on the spinning substrate 10 s prior to the end of the second step. We annealed the samples at 100 C for 60 min in an inert atmosphere. We deposited the spiro-MeOTAD HTL using a spin-coating process (4000 rpm for 30 s) aer 2 min of cooling down to room temperature, followed by overnight oxygen doping in a drybox with a relative humidity of less than 30%. Subsequently, using a Vactec Coat 360 evaporator, we evaporated a 70 nm thick gold (Au) layer through shadow masks on the spiro-MeOTAD layer to complete the fabrication of the perovskite solar cells with an active area of 10.5 mm 2 . We processed all the layers in an inert atmosphere in a N 2 -lled glovebox, except for np-TiO 2 and np-SnO 2 ETLs which we spincoated under controlled cleanroom conditions: ambient air with a relative humidity of around 45% at room temperature. 
Solar cell storage conditions
We stored all the as-fabricated PSCs and perovskite thin lms under an inert atmosphere (N 2 -lled glovebox, room temperature, dry) to maintain identical environmental conditions and in dark boxes to prevent light-induced effects over the storage period.
Characterization
4.4.1. Current-density-voltage (J-V) measurements. We used a xenon-lamp solar simulator (Newport Oriel Sol3A) providing air-mass 1.5 global (AM1.5G) spectra (100 mW cm À2 ) to measure the current-density-voltage (J-V) characteristics of the PSCs with a scan rate set around 0.6 V s À1 using a sourcemeter (Keithley 2400). We calibrated the irradiation intensity using a certied silicon reference solar cell (KG5, Newport). We determined the stable power conversion efficiency of the PSCs by measuring the photocurrent at constant voltage close to the maximum power point (MPP) over 300 s. We set the temperature of the devices to be at 25 C using a Peltier element connected to a microcontroller while performing the J-V analysis and MPP measurement. 4.4.2. Scanning electron microscopy (SEM). We obtained high-resolution eld emission cross-sectional scanning electron microscopy (SEM) images of perovskite thin lms using a scanning electron microscope (Zeiss LEO1530) with an in-lens detector and an aperture size of 20 mm. 4.4.3. V OC vs. light intensity measurement. We extracted the ideality factor of the Cs 0.1 FM 0.9 solar cells from lightintensity-dependent V OC measured using a Paios all-in-one measurement system (Fluxim AG). We used a white LED (Cree XP-G) for illumination in all experiments.
4.4.4. Atomic force microscopy (AFM). We used an AFM (Bruker Dimension Icon) in peak force tapping mode and a PDNISP diamond tip nanoindenter with a spring constant of 236 N m À1 , a resonance frequency of f 0 $ 67 kHz and a calibrated effective tip radius of r c $ 57 nm at a calibrated indentation depth of delta c $ 5 nm. The AFM was operated with a Nanoscope 5 Controller and Nanoscope 8.15 SR8 soware. 4.4.5. X-ray diffraction (XRD). We utilized a Bruker D2Phaser system with Cu-K a radiation (l ¼ 1.5405Å) to determine the crystallite structure of perovskite thin lms.
4.4.6. Steady-state and time-resolved photoluminescence (PL) spectroscopy. We recorded the PL kinetics using a Hamamatsu Universal Streak Camera C10910 operated in single sweep mode coupled to an Acton SpectraPro SP2300 spectrometer. We used two different time windows (200 ns and 1 ms) with FWHMs of the instrumental response function of 3.1 ns and 15 ns, respectively. Excitation was done using a modelocked Ti:sapphire laser (Coherent, Chameleon Ultra) with a pulse width of 140 fs. Its output of 960 nm was frequency doubled using a second harmonic generator (Coherent, Chameleon Compact OPO-Vis) and the repetition rate of 80 MHz was reduced to 2 MHz for the 200 ns and 2/3 MHz for the 1 ms time window using a pulse picker (APE, pulseSelect). We recorded the steady-state PL spectra using a ber-coupled UVvis spectrometer (Avantes, AvaSpec-2048L). We kept the samples under dynamic vacuum at pressures of $10 À5 hPa during each measurement. We measured all steady-state and time-resolved PL spectra with a pump uence of 30 nJ cm À2 , except for the uence-dependence PL measurements.
4.4.7. Spectrophotometry. We used a photovoltaic device characterization (Bentham PVE300) system to measure the transmittance and reectance of the perovskite thin lms by illuminating the samples with a modulated monochromatic light source.
4.4.8. Thermally stimulated current (TSC). TSC characterization performed on actual solar cells allows us to correlate the potentially observed trap states with the respective device performance. In this method, rst the device is cooled down to a low temperature (here 15 K) in the dark and then exposed to light for limited time to generate photocarriers. The generated charge carriers relax and ll the possible trap states. Upon heating the device slowly with a constant rate (here 7 K min À1 ) to room temperature (300 K), the trapped carriers are gradually released from their trap states and collected at the respective electrodes. The current ow originating from the released charge carriers is then measured as a function of temperature. Since the examined PSC has an identical conguration, possible changes in the current are ascribed to an alteration in the trap density. TSC measurements were performed in a closed cycle He cryostat under a helium gas atmosphere which also acts as the heat transfer medium. All devices were illuminated with a white LED array for 5 min to ll the traps. During device heating, the TSC signal was monitored using a sub-femtoamp source meter (Keithley-6430) in a built-in eld without external bias.
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